low concentrations and cell death or hemolysis at high concentrations. The fungistatic levels were clearly separable from fungicidal. This group included the heptaenes (amphotericin B, candicidin, aureofungin A and B, hamycin A and B), and five of their semisynthetic derivatives (amphotericin B methyl ester, Nacetyl-amphotericin B, hamycin A and B methyl esters, and N-acetyl-candicidin). Nystatin, classified as a tetraene, and its derivative, N-acetyl nystatin, also were in this group.
Polyene antibiotics produced by several different species of Streptomyces have a macrocylic lactone ring with a series of conjugated double bonds. About 100 polyene antibiotics have been described, many of which may not be unique or even pure (9, 11) . Those polyenes which have been characterized show differences in the number of conjugated carbon-to-carbon double bonds in the molecule, the size of the conjugated ring, and the presence or absence of a hexosamine sugar or aromatic moiety in the molecule. All the polyenes interact with sterols, change the membrane permeability of eucaryotic cells and lead to cell lysis (25) . However, they vary in their effects on artificial membranes and cells. Differences have been noted in the anion or cation selectivity of membrane pores produced (4, 13, 14) , in the relative preference for cholesterol-or ergosterol-containing membranes (7, 15, 16, 18) , and in progressive or "all-or-none" modes of action (5, 8, 17, 22) .
Interest in these antibiotics has been recently stimulated by their synergistic antifungal action with other agents (24) and by reports of antitumor action (28) . In addition, several, but not all, of these agents have been shown to have immunoadjuvant properties (10, 23) . It thus seems increasingly important to know whether a particular polyene structure might be correlated with one or more biological properties (antifungal, antitumor, immunoadjuvant).
Here we report initial efforts to correlate the structure of 14 (27) , and the N-acetyl derivatives were prepared by another of their methods (26) . Chemical purity of these compounds were monitored by thin-layer chromatography and proton nuclear magnetic resonance. Proton nuclear magnetic resonance spectra were obtained on a Varian HR-220 spectrometer equipped with a Nicolet Instrument Corp. TT The cells were then harvested, suspended in fresh medium, counted in a hemocytometer, and adjusted to a cell number of 7.5 x 106 cells per ml. Samples (2 ml) of this culture were prepared, supplemented with the antibiotics to be assayed, and incubated at room temperature with shaking. After 1 h the cell suspensions were centrifuged, and pellets were rinsed twice with 2 ml of saline and suspended in 2 ml of saline. Samples (0.1 ml) were taken for measurements of colony-forming ability by plating on Sabouraud dextrose agar. Plates were incubated in dark at 24 to 26°C; colonies were counted after 42 and 72 h. The remaining 1.9 ml of the cell dispersions were centrifuged, and the pellets were suspended in 2 ml of lithium, boiled for 5 min, and centrifuged. The K+ concentration in the supernatant was then measured in a flame photometer. All samples, including controls which were not exposed to antibiotics, contained 0.5% Me2SO. The results were calculated and expressed as a percentage of the control samples. From a graphic plot of the data, the concentration of antibiotic required for a 50% effect was calculated.
RESULTS
Patterns of dose-response to polyene antibiotics. Figure 1 shows Nystatin was the least potent antibiotic in causing cell hemolysis or death, but its potency in inducing K+ leakage from yeast cells surpassed its potency in inducing K+ leakage from RBC by almost 300-fold; this was more than any other polyene antibiotic. This result confirmed previous observations (1) on the selective action of nystatin against yeast celLs as compared with its action against mammalian cells. No correlation between the biological effect of individual antibiotics and their categoration as aromatic or nonaromatic heptaene polyenes could be observed. All semisynthetic derivativres were less potent agains-t both cell types than were the parent compounds.
The polyene antibiotics in group I are listed in Table 2 in order of increasing number of double bonds in the macrolide ring. They indlude a triene (trienin), tetraenes (pimaricin and etruscomycin), pentaenes (filipin and chainsin), a hexaene (dermostatin), and one compound with a structure not completely elucidated (lymphosarcin). The ratios of the concent-rations causing 50% lysis or cell death to the concentrations causing 50% K+ leakage were 52. The marked discrepancy between the 42-and 72-h culture is apparent and similar to what was seen when K+ leakage and killing were compared ( Fig. 1 and 2 (21) , by using S. cerevisiae, assayed the effects of several polyenes and were able to classify them into two groups: the "large" polyenes, whose inhibition of glycolysis was reversible; and the "small" polyenes, which induced an irreversible inhibition of glycolysis. Several subsequent attempts to correlate biological effects of polyene antibiotics with their structure have been inconclusive. Zygmunt (29) compared the polyene-induced loss of intracellular K+ from Candida albicans with growth inhibition. Unfortunately, the two parameters were measured under different experimental conditions, and the differences that he noted were most probably attributable to the different conditions. It has since been demonstrated that both polyene-induced K+ leakage and growth inhibition result from a similar degree of membrane damage (20) . Not (20) .
The criteria that we have employed to measure the effects of the polyenes resulted from a consideration of the two most relevant biological properties of these agents. Under the same conditions, we compared K+ leakage as an indication of one of the earliest observable changes in membrane permeability (19) (11) . In contrast, the compounds in group I are a triene, pentaenes, and a hexaene. Although the structure of lymphosarcin is unknown, preliminary work suggests that it is a pentaene, in agreement with our empirical classification (data not shown).
Our correlation between the biological action and the size of the polyene macrolide ring (Fig.  6) is therefore in accord with that proposed by Lampen and Arnow (21) . Their argument for a structure-activity relationship is strengthened by our results, both because we tested a larger number of antibiotics and because we demonstrated that the classification holds for fungal cells containing ergosterol and for animal cells containing cholesterol.
Our data would predict that when screening polyenes for their permeabilizing properties and ability to act synergistically with other drugs against fungi and tumor cells, emphasis should be on polyene antibiotics that are heptaenes (group II). Furthermore, Hammarstrom and Smith (10) have shown, and we have confirmed (unpublished data), that amphotericin B, candicidin, and nystatin, but not filipin or etruscomycin, have immunoadjuvant properties. Therefore, adjuvanticity may be linked to permeabilizing effects of polyenes on some cells of the immune system, and the search for new immunoadjuvants should also be conducted among heptaene polyene antibiotics.
In contrast, if the goal is to kill cells rather than change their properties reversibly, then the antibiotics from the filipin-estruscomycin group (group I) could be more useful than the antibiotics from amphotericin B-candicidin groups.
